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Section  I 

INTRODUCTION 

Among  the  various  manifestations  of  pneumoconiosis,  attention  has  recently  been  called  to 
lung  changes  induced  by  the  inhalation  of  beryllium  compounds  of  various  composition,  which 
are  found  in  industrial  dust  and  are  suspected  to  be  a  possible  contaminant  of  space  cabin  at¬ 
mosphere.  This  prompted  a  careful  analysis  of  possible  pathogenetic  effects  on  the  lung. 

Pulmonary  pathology  due  to  beryllium  ( berylliosis )  has  been  repeatedly  reported  in  the  liter¬ 
ature  (Meyer,  1942;  Van  Ordstrand  et  al.,  1964;  Bruce  et  al.,  1950).  More  recent  experimental 
studies  on  animals  (Spencer  et  al.,  1967;  Robinson  and  Schaffner,  1968;  Witschi,  1968;  Vacher  and 
Stoner,  1968)  have  revealed  that  beryllium  compounds  can  cause  pathological  manifestations  in 
lung,  liver,  and  blood.  The  pulmonary  damage  induced  by  beryllium  salts  has  been  described  as 
chemical  pneumonitis  ( bronchoalveolitis )  or  as  chronic  granulomatosis  resembling  sarcoidosis 
(Pugliese  et  al.,  1968;  Hardy  and  Tabershaw,  1946). 

The  exact  mechanism  of  beryllium  effect  is  not  known.  A  number  of  physical  and  chemical 
properties  of  this  compound  have  been  invoked  as  triggering  factors  of  beryllium  disease  (Spen¬ 
cer  et  al.,  1967).  Since  it  has  been  shown  in  skin  tests  that  hypersensitivity  to  beryllium  com¬ 
pounds  can  exist,  it  has  been  postulated  that  the  pulmonary  changes  are  also  due  to  an  immuno¬ 
logic  response  (Van  Ordstrand,  1966;  Curtis,  1951).  In  an  experimental  study  on  animals,  Robin¬ 
son  and  Schaffner  ( 1968 )  found  pulmonary  lesions  that  they  interpreted  as  typical  foreign  body 
reactions  rather  than  as  lesions  of  the  immunological  type.  They  have  reported  on  results  from 
animals  exposed  to  a  mixture  containing  beryllium  oxide,  beryllium  fluoride,  and  beryllium 
chloride. 

It  appeared  important  to  study  with  particular  care  the  fine  structural  and  cytological 
changes  induced  in  lungs  by  the  inhalation  of  an  atmosphere  containing  a  significant  amount  of 
beryllium  oxide,  eliminating  as  far  as  possible  the  other  beryllium  salts.  To  account  for  the  chronic 
type  of  lung  reaction  the  animals  were  studied  two  years  after  exposure  to  the  contaminated  at¬ 
mosphere. 
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Section  II 

MATERIAL  AND  METHODS 


Five  adult  monkeys  and  six  adult  dogs  of  both  sexes  were  exposed  three  times  to  an  atmos¬ 
phere  contaminated  by  increasing  concentrations  of  a  beryllium  compound  designated  as  Sam¬ 
ple  24  (table  I).  These  exposures  were  carried  out  in  closed  chambers  under  another  contract 
sponsored  by  the  Aerospace  Medical  Research  Laboratory.  The  average  contamination  of  the  at¬ 
mosphere  by  beryllium  varied  between  3.30  and  4.38  mg  Be/m3.  Beryllium  oxide  was  the  chief 
component  of  the  sample  (No.  24)  introduced  into  the  chamber  atmosphere.  Two  monkeys  and 
two  dogs  were  kept  as  controls. 

TABLE  I 

COMPOSITION  OF  SAMPLE  24 
(from  H.  C.  Spencer,  Progress  Report) 

BERYLLIUM,  OXYGEN,  CHLORINE,  CARBON,  AND  HYDROGEN  IN  SAMPLE  24 


Element 


Percent  (%)  of  Element  in  Total  Sample 


Be  (except  Be  as  BeCl2)  35.3 

C  ~0.5 

H  0.06 

Cl  1.21 

O  65.7±1.5 


X-RAY  POWDER  DIFFRACTION  ANALYSIS  OF  SAMPLE  24 


Components  in  Total  Sample 

BeO  —  Chief  component 
Fe2Oa  -  ~5% 

Nacl  —  <1%  > 


Two  years  after  exposure  the  animals  were  shipped  to  Wright-Patterson  Air  Force  Base,  Ohio, 
where  they  were  anesthetized  with  sodium  phenobarbital.  The  dogs  received  an  additional  in¬ 
tramuscular  injection  of  3  mg  Tubocurarine  chloride.  The  lungs  were  immediately  fixed  in  situ 
by  instillation  of  a  glutaraldehyde  solution  (1.5%  in  s-collidine  buffer,  pH  7.4,  osmolarity  336 
milliosmols)  into  the  airways.  The  lungs  were  then  shipped  to  the  University  of  Berne,  Switzer¬ 
land,  for  further  processing  in  the  Department  of  Anatomy.  The  lung  tissue  blocks  were  post- 
fixed  in  collidine  buffered  osmium-tetroxide  and  stained  en  bloc  with  buffered  uranyl-acetate. 
After  dehydration  in  ethanol  the  tissue  was  embedded  in  Epon  812.  Sections  were  obtained  on 
an  LKB  Ultrotome  III.  Section  contrast  was  enhanced  with  lead  citrate.  Electron  micrographs 
were  recorded  in  a  Philips  EM  200  electron  microscope. 

For  the  morphometric  analysis  five  sections  of  each  animal  were  randomly  chosen;  from  each, 
seven  random  fields  were  recorded  on  35  mm  film.  The  procedure  for  selecting  random  fields  and 
for  stereologic  analysis  of  the  micrograph  have  been  presented  in  previous  reports  ( Weibel,  Kist- 
ler,  Scherle,  1966;  Kistler,  Caldwell  and  Weibel,  1965).  The  primary  data  were  recorded  by  an 
automatic  recording  device,  from  which  they  were  transferred  directly  to  punch  cards  for  evalu¬ 
ation  in  a  computer  ( Weibel,  1967 ) . 
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Section  III 

RESULTS 

HISTOLOGY  AND  ULTRASTRUCTURE  OF  LUNG  TISSUE 

Structure  and  composition  of  lung  tissue  of  both  control  and  test  animals  were  normal  in 
every  respect,  with  the  exception  of  one  control  monkey  whose  lung  had  aggregates  of  histiocytes 
around  middle-sized  blood  vessels.  These  histiocytes  contained  birefringent  crystalline  material 
of  unknown  composition.  Compared  with  rat  lungs  the  tissue  elements  of  the  intraalveolar  septa 
appear  more  pronounced.  In  particular  there  is  a  larger  number  of  collagen  fibrils  distributed 
throughout  the  interstitium;  occasionally,  these  form  thick  bundles  (figs.  2  and  6).  However,  no 
differences  were  noted  between  control  and  test  animals  in  this  respect.  The  alveolar  capillaries 
are  continuously  lined  by  endothelial  cells  and  contain  mainly  blood  plasma,  erythrocytes,  and 
occasional  white  blood  cells.  The  alveoli  appear  clean  without  any  trace  of  hemorrhage  or  intra¬ 
alveolar  fibrinous  exudate.  The  alveolar  epithelial  cells,  particularly  the  granular  pneumocyte  did 
not  show  any  alterations  in  the  test  animals  (figs.  3  and  4).  The  larger  structures,  bronchioles,  ar¬ 
teries  and  veins,  were  normal  in  all  cases. 

The  dog  lungs  were  found  to  contain  a  significant  number  of  peculiar  cells  located  in  the  in¬ 
terstitial  space  and  often  had  close  relations  to  blood  vessels  (figs.  7  and  8).  They  were  charac¬ 
terized  by  an  apparently  shrunken  nucleus  with  dense  chromatin  and  by  a  large  number  of  empty 
membrane-bounded  vesicles  measuring  approximately  0.1  fx  in  diameter-  The  small  mitochondria 
of  these  cells  were  predominantly  located  near  the  nucleus.  Many  of  these  cells  showed  a  compli¬ 
cated  surface  texture  with  numerous  cytoplasmic  protrusions.  These  cells  were  interpreted  as  de- 
granulated  mast  cells  by  light  microscopy,  no  metachromatic  granules  could  be  demonstated  by 
staining  with  toluidine-blue  or  thionin. 

Mast  cells  are  known  to  occur  in  normal  dog  lungs  (Holmgren  and  Wilander,  1937;  Arvy 
and  Quivy,  1955).  The  frequency  of  these  cells  did  not  differ  between  control  and  test  animals. 
Degranulation  of  mast  cells  can  be  induced  by  fixation  with  formaldehyde  (Hill,  1965);  it  is  there¬ 
fore  possible  that  glutaraldehyde  will  have  a  similar  effect.  Rilley  (1953),  and  Fulton  and  West 
(1965)  demonstrated  experimentally  in  rats  that  administration  of  d-Tubocurarine  chloride  causes 
degranulation  of  mast  cells.  The  dogs  investigated  in  our  study  were  treated  with  Tubocurarine 
prior  to  sacrifice,  consequently  this  medication  may  have  been  another  cause  of  degranulation. 

MORPHOMETRIC  FINDINGS 

The  relevant  morphometric  findings  obtained  on  the  present  series  of  dog  and  monkey  lungs 
are  summarized  in  table  II  and  in  figures  10  and  11.  In  general,  the  data  obtained  in  test  animals 
did  not  show  any  striking  differences  to  the  control  values.  The  arithmetic  mean  thickness  of  the 
air-blood-barrier  of  the  test  monkeys  appears  to  be  somewhat  smaller  than  the  control  values. 
This  appears  to  be  due  to  a  larger  interstitial  volume  of  the  control  monkeys  ( fig.  10a ) .  It  is  not 
possible  to  decide  whether  this  difference  is  statistically  significant,  since  only  two  control  ani¬ 
mals  were  available  for  study.  A  comparison  with  previous  data  is  not  permissible  since  it  ap¬ 
pears  from  experience  that  variation  in  interstitial  volume  within  a  certain  range  may  be  due  to 
varying  conditions,  such  as  duration  of  anaesthesia,  etc.  The  difference  is  however  slight  and 
should  be  regarded  as  circumstantial,  particularly  since  no  such  difference  is  found  in  the  dog  lungs 
(fig.  10b). 

In  both  monkey  and  dog  lungs  the  harmonic  mean  of  the  air-blood-barrier  thickness  shows 
no  substantial  variation  (fig.  10).  The  relationship  between  capillary  and  alveolar  surface  area  is 
linear  in  both  groups  and  shows  no  appreciable  deviations  between  test  and  control  groups  (fig. 
11).  '  *  *  ^  ~ 


3 


TABLE  II 

SYNOPSIS  OF  MORPHOMETRIC  DATA 
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Figure  1 .  Electron  micrograph  of  control  monkey's  lung.  Air-blood-barrier 
contains  interstitial  elements  and  cell  bodies  of  endothelial 
and  epithelial  cells.  X  16,800. 
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figure  4.  Monkey  lung  exposed  to  beryllium.  Granular  pneumocyte  with 
unaltered  lamellated  bodies.  The  lung  is  quite  similar  to 
control  lung  tissue.  X  1 0,300. 
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Figure  5.  Air-blood-barrier  of  control  dog  lung  with  narrow 
interstitium.  X  5,750, 
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Figure  7.  Lung  of  control  dog.  Mast  cell  (M)  and  lymphocyte  (L)  in 
interstitial  space  in  close  relation  to  blood  vessels.  X  13,250 
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Figure  8.  Dog  lung  exposed  to  beryllium.  Mast  cell  in  relation  to  blood 


like  structure  of  the  cytoplasm.  X  10,300. 
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Figure  9.  Dog  lung  exposed  to  beryllium.  Higher  magnification  of 
mast  cell.  X  13,000. 
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A.  MEAN  BARRIER  THICKNESS  MONKEYS 


B.  MEAN  BARRIER  THICKNESS  DOGS 


'th  T  %  T  'Th  T  Th  T  th  T 
C  C  T  T  T  T 


Figure  10.  Arithmetic  (r)  and  harmonic  (jh)  mean  barrier  thickness 
for  control  (C)  and  test  (T)  monkeys  and  dogs. 
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A.  MONKEYS 


Figure  11.  Relationship  between  alveolar  surface  area  (5a)  and 
capillary  surface  area  (Sc)  in  control  (C1-C2)  and  test 
(1, 2,  3,  4)  monkeys  and  dogs. 


Section  IV 

DISCUSSION 


The  investigation  of  lungs  of  monkeys  and  dogs  exposed  to  an  atmosphere  contaminated  by 
beryllium  oxide  2  years  before  sacrifice  revealed  no  pathological  changes  in  lung  structure  at  the 
level  of  alveoli  and  capillaries.  It  has  not  been  possible  to  demonstrate  by  either  electron  micro¬ 
scopy  or  by  light  microscopy  in  polarized  light  depositions  of  beryllium  compounds.  Nor  have  we 
been  able  to  detect  modifications  in  the  structure  of  any  cell  types. 

The  mast  cells  found  in  great  number  in  the  dog  lungs  proved  to  be  normal  constituents 
(Holmgren  and  Wilander,  1937;  Arvy  and  Quivy,  1957).  Although  mast  cells  are  known  to  oc¬ 
cur  in  greater  number  in  association  with  chronic  lung  diseases,  such  as  tuberculoma,  syphiloma, 
and  lung  fibrosis  (Arvy,  1955)  it  can  be  positively  said  that  they  represent  no  pathological  find¬ 
ing  in  this  study,  since  they  were  also  found  in  the  lungs  of  control  dogs.  Furthermore,  no  signs 
of  chronic  proliferative  lung  changes  were  found. 

Morphometry  did  not  reveal  any  thickening  of  the  air-blood-barrier.  In  particular,  it  was  not 
possible  to  demonstrate  any  edematous  or  proliferative  changes  in  either  interstitium,  endothe¬ 
lium  or  epithelium.  The  tissue  mass,  as  measured  by  the  arithmetic  mean  thickness  of  the  air- 
blood-barrier,  was  not  increased;  the  unchanged  harmonic  mean  thickness  indicates  that  the  dif¬ 
fusion  resistance  of  the  air-blood-barrier  is  unchanged. 

Robinson  and  Schaffner  (1968)  investigated  animals  exposed  to  an  atmosphere  containing 
mixed  beryllium  compounds  with  beryllium  oxide  as  the  main  contaminant.  They  observed  that 
a  majority  of  the  animals,  but  not  all,  developed  chronic  lung  disease,  which  they  interpreted  as 
foreign  body  reaction  combined  with  proliferative  changes.  Consequently  the  results  of  that  study 
contrast  with  those  presented  in  this  report.  Two  alternative  explanations  can  be  presented: 
Spencer  et  al.  (1967)  have  shown  that  different  physical  and  chemical  properties  of  beryllium 
oxide  will  also  result  in  different  degrees  of  toxicity.  The  inhalation  of  beryllium  oxide  calcinated 
at  500C  over  a  period  of  10  hours  can  lead  to  severe  lung  damage,  even  inducing  the  formation 
of  adenocarcinoma.  However,  only  very  mild  lesions  are  observed  after  the  inhalation  of  beryl¬ 
lium  oxide  calcinated  between  1100  and  1600C.  The  compound  used  in  the  present  study  was  cal¬ 
cinated  at  1400C,  while  nothing  is  known  about  calcination  of  the  compound  used  in  Robinson 
and  Schaffner  s  study  (1968).  Robinson  and  Schaffner  reported  results  in  animals  exposed  to  a 
mixture  of  beryllium  compounds  containing  50%  beryllium  oxide,  40%  beryllium  fluoride  and  some 
beryllium  chloride.  They  observed  that  beryllium  fluoride  not  only  accumulated  in  the  lung,  caus¬ 
ing  beryllium  deposits  and  severe  local  damage,  but  that  it  was  also  carried  into  the  entire  body 
by  the  blood,  where  it  led  to  severe  alterations  in  skeleton,  liver,  spleen,  and  kidneys.  It  is  there¬ 
fore  quite  possible  that  the  pulmonary  damage  was  not  caused  by  beryllium  oxide  but  by  the 
much  more  toxic  beryllium  fluoride. 

On  the  basis  of  the  results  presented  in  this  report  it  can  be  concluded  that  the  inhalation  of 
beryllium  oxide  under  the  prevailing  experimental  conditions  did  not  induce  any  detectable 
pathological  changes  in  lung  structure  within  a  period  of  2  years  after  exposure. 
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